Lactose is a carbohydrate with several unique and intriguing characteristics. It is the sole dietary carbohydrate of nearly all newborn mammals, and except in humans, is consumed exclusively in the neonatal period. Galactose, one of its component monosaccharides, is not an important substrate in the fetus (1) but can represent up to 20% of the caloric intake of the neonate (2). Despite the importance of lactose and galactose in the newborn diet, their neonatal metabolism is incompletely understood.
striking difference in the metabolism of the two carbohydrates. To investigate this phenomenon in more depth, our study was camed out in newborn lambs with chronic indwelling catheters placed in the portal venous and arterial circulations. Thus, lactose metabolism could be studied in an unstressed, newborn mammal immediately after a milk feeding.
METHODS
All lambs were of mixed Western breed, delivered spontaneously at term, and were in good health. They nursed solely from their mothers. Within the first 10 days of life the lambs were given general anesthesia with pentobarbital (30 mg/kg) and local lidocaine. One polyvinyl catheter (0.054 in OD, 0.034 in ID) was placed in the portal vein via an umbilical vein cutdown. A second catheter was placed in the femoral artery. The catheters were tunneled subcutaneously, exteriorized, and kept in a small side pouch for access. Penicillin (300,000 U) and streptomycin (0.5 g) were given intramuscularly on the day of surgery only. Care was taken to wash the surgical area free of betadine after surgery to facilitate acceptance by the lamb's mother. All lambs were allowed to recover with their mothers for a minimum of 48 h. No lamb lost weight and all were observed to be vigorous, nursing normally, and gaining weight at the time of the first study. Catheters were flushed every other day with heparin 100 U/ml. Catheter tip placement was confirmed at autopsy.
On the day of study the lambs were separated from their mothers and fasted for 5 h to ensure that the stomach and small intestine were empty of milk. At time 0 the lambs were weighed and baseline blood samples were drawn from the portal vein and femoral artery. The lambs were then allowed to nurse ad libitum from their mothers for 20 min and were weighed again to determine milk intake. There were no urine or stool losses during this 20-min period. At times 30, 40, 60, 80, 100, 120, 140, 160, 190, and 220 min after beginning nursing, samples were drawn from the portal vein and femoral artery catheters while the lambs rested quietly. Twenty-five studies were done on 1 1 lambs.
Chemical analyses. Concentrations of D-galactose, D-glucose,
and L-lactate were measured on each whole blood sample. DGalactose was determined by the galactose oxidase method described by Hjelm and deverdier (4) . D-Glucose and L-lactate concentrations were determined using analyzers equipped with glucose oxidase and lactate oxidase membranes (Yellow Springs Analyzer, models 23 and 2 1, Yellow Springs, OH).
Statistical analysis. The principal statistical tool used was analysis of variance as discussed by Freund and Littell (5) and Scheffe (6) . The SAS statistical package (7) and, particularly, SAS PROC GLM were used to execute the analyses of variance.
First, we used repeated measures analysis of variance (5, 7) to analyze the data for each carbohydrate. Arterial values, venous 599 values, and the PV-A differences were treated as dependent variables in analyses of variance including times, lambs, and experiments as factors. Lambs, experiments (treated as replicates within lambs), and their interactions with time were considered sources of random variation. Times were treated as repeated measurements during an experiment. This model was analyzed for the "nonspill" and "spill" data separately (see "Results" for definition of nonspill and spill) for simplicity and in order to use the maximal number of studies for both describing the time course of carbohydrate response and for comparing arterial with venous carbohydrate response curves. To facilitate description of the shape of the carbohydrate response curves regression techniques were used to partition the between times sums of square into components attributable to linear, quadratic, and cubic trends.
For the 20 nonspill studies on 10 lambs, separate SD reflecting the variability between lambs and the variability between experiments were estimated by maximum likelihood via SAS PROC VARCOMP (7) . These variance components are reported in Table 1 . The variability between experiments was greater than the variability between lambs. Five studies on four lambs did not provide sufficient data for similar variance component estimation for the spill studies. Total variability tended to be greater for the spill studies than for the nonspill studies.
To compare carbohydrate response curves of nonspill and spill studies, spill status was added as a factor in the repeated measures analyses of variance. Six nonspill studies on three lambs with both spill and nonspill studies were deleted from the analysis to avoid partial cross-classification of lambs and spill status. Mean areas under the curves were estimated by a trapezoidal method and compared within this analysis of variance framework. The estimated areas under the curves are reported in Table 2 .
Simpler nested analyses of variance were used to compare nonspill studies and spill studies with respect to variables that were not time dependent such as postnatal age, weight, fast-time, and milk intake. These analyses also accounted for both variability between lambs and variability between experiments. The relationship between arterial and portal venous galactose concentrations were examined by simple linear regressions.
RESULTS
Galactose. Figure 1 presents the relationship between the Gal, and Galpv after milk feeding. At Galpv less than 10 mg/dl there was no significant increase in the Gal, above baseline. When the Galpv exceeded 12 mg/dl, the Gal, increased significantly above baseline. This suggests a hepatic threshold for Galpv of approximately 10-12 mg/dl. It was noted retrospectively that the only studies in which there was a significant increase in the Gal, were those in which the Galpv exceeded 10-12 mg/dl at three or more time points after nursing. In 80% of the studies (20 studies in 10 lambs) the Galpv did not exceed 10-12 mg/dl after nursing, and for convenience, we have called these nonspill studies because of the lack of increase in Gal, ( p > 0.05 using simple linear regression) as Galpv rises. The Gal, and Galpv versus time for these nonspill studies are shown graphically in Figure 24 . In these studies the Galpv curve is strongly quadratic ( p < 0.01), peaking at 80 min.
The GalA curve appears flat, but actually has a slightly negative trend ( p < 0.01).
In 20% of the studies (five studies in four lambs) the Galpv did exceed 10-12 mg/dl at three or more time points after nursing. We have called these spill studies because of the increase in Gal, ( p < 0.0 1 using simple linear regression) as Galpv exceeds 10-12 mg/dl. These Gal, and Galpv values are presented graphically in Figure 2B . The time course for both the Gal, and Galpv curves in Figure 2B are largely quadratic ( p < 0.01). Glucose. The GluA and Glupv circulations after nursing for the nonspill and spill studies are presented in Figures 3A and B , respectively. The changes in glucose concentration over time are highly significant ( p < 0.01). Both the GluA and Glupv increased after feeding with Glupv > GluA in all cases ( p < 0.01). The GluA and Glupv values were significantly greater in the spill studies than their respective counterparts in the nonspill studies ( p < 0.05 for both carbohydrates).
Lactate. The postprandial lactate concentrations in the arterial and portal venous circulations are presented in Figure 4 . The data were combined because there was no significant difference between the nonspill and spill studies ( p > 0.15). There were small but significant increases of similar magnitude in both the arterial and portal venous lactate concentrations after nursing ( p < 0.01).
Comparisons of nonspill versus spill studies. There was no correlation between time from catheter placement and whether a lamb had a nonspill or spill study on a particular day. Nonspill and spill studies were compared for postnatal age, weight, fasttime, and milk intake for each lamb on each study day. Means + SE for these factors are shown in Figure 5 . Age, weight, and fast-time did not differ between the groups ( p > 0.25), but the milk intake was significantly greater in the spill studies, 58 + 4 g/kg (-2.5 g lactoselkg) versus 41 + 3 g/kg (-1.8 g lactoselkg) in the nonspill studies ( p < 0.05).
The study design permitted the lambs to nurse ad libitum for a 20-min period; hence, milk intake was not controlled. Thus, the variability of milk intake reflects biologic variability in suckling patterns. Seven lambs had one or more nonspill studies only, one had two spill studies only, and three lambs had both types of studies on separate study days. The great proportion of the total variance in carbohydrate concentration was due to interexperiment variability and not to interlamb variability (Table 1) . .--+ P o r t a l V. . Fig. 4 . Arterial and portal venous lactate concentrations versus time after nursing for both nonspill and spill studies combined (mean and SEM).
Time (min)
Figures 6A and B plot the PV-A versus time for the nonspill and spill studies, respectively. In the nonspill studies (Fig. 6A ) the PV-A curves for galactose and glucose are quite similar, i.e. (Galpv -GalA)/(Gl~pv -GluA), -1.0, suggesting that galactose and glucose are absorbed from the intestine at approximately equal rates after lactose ingestion. In the spill studies (Fig. 6B) there was much greater variance in the GalA values because of the larger Galpv values which frequently exceeded 10-12 mg/dl and because the sample sizes were smaller. Despite this, the galactose and glucose curves are similar, again suggesting that galactose and glucose are absorbed from the intestine at approximately equal rates. Also, the areas under the galactose and glucose curves in Figure 6B are 78 and 24% more, respectively, than the areas under the two curves in Figure 6A ( Table 2 ). This average increased area under the curves of 5 1 % is similar to the greater milk intake seen in the spill studies (41%) (Fig. 5) and suggests that milk intake on a particular study day was a principal determinant of whether a lamb had a nonspill or spill study.
DISCUSSION
There is an extensive body of literature concerning lactose and galactose metabolism in humans and other mammals (2, 8) . Most previous in vivo experiments have used either adult subjects or were acute studies. The present lamb study was designed to provide information regarding the unstressed newborn mammal, implanted with chronic, indwelling catheters that permit the study of carbohydrate metabolism after normal nursing.
This study demonstrates that newborn lambs have a significant postprandial increase in the portal venous galactose and glucose concentrations after lactose ingestion ( Figs. 2A and B, 3A and B). Ulbrich studying human newborns each demonstrated large increases in peripheral glucose concentration and much smaller changes in peripheral galactose concentration after lactose ingestion, similar to the arterial data we report in Figures 2A and 3A. Siddons et al. (14) gave lactose to preruminant calves and found quantitatively large increases in peripheral and Glupv with much smaller increases in the peripheral and Galpv. However, Siddons et al. (14) estimated galactose concentration from the changes in blood reducing substances and glucose concentration.
Our findings indicate that after lactose ingestion, galactose and glucose are absorbed from the intestine into the portal venous circulation at approximately equal rates ( Fig. 6A and B) . At first glance these data are in apparent contrast to human (1 3, 1 5, 16), calf (12) , and rat (17) data in which the presence of glucose in the intestine slowed the absorption of galactose much more than galactose slowed the absorption of glucose. However, three important differences in our study design may explain this discrepancy. First, we obtained blood samples from the portal vein which receives venous drainage from nearly the entire small and large intestine. In four of the above-mentioned studies (12, (15) (16) (17) only a relatively small portion of the upper intestine was studied; therefore, differential absorptive rates for galactose and glucose in the rest of the intestine would be missed. That such differential absorptive rates exist had been demonstrated in the newborn lamb (1 8). Second, one study (1 3) did not sample portal venous blood making any inferences regarding rates of carbohydrate absorption from the intestine difficult. Third, there may be a species-specific difference in the rate of intestinal carbohydrate absorption; although, given the technical and methodological differences in the various studies, this last explanation may be the least likely.
Herein there was no significant increase in Gal, when Galpv was <10 mg/dl. The liver apparently clears the portal venous circulation of galactose after lactose ingestion at normal postprandial portal venous blood flows, but its threshold to do so is exceeded at Galpv > 10-12 mg/dl. In 20% of the studies this threshold was exceeded. Intrinsic interanimal differences in this threshold are probably not the reason a lamb had a nonspill or spill study because three lambs had both types of studies on separate days. Inasmuch as age, weight, and fast-time were similar between the nonspill and spill studies, the most probable explanation for the difference between the two groups was the variability in milk intake (Fig. 5) . This hypothesis is strengthened by the observation that the greater area under the curves in Figure  6B as compared to those in Figure 6A (Table 2 ) is similar to the greater milk intake in the spill studies as compared to the nonspill studies. It is likely that lambs normally do not exceed this hepatic galactose threshold of 10-12 mg/dl as often as we observed because their natural feeding pattern is not characterized by fasting followed by a large meal, but rather by frequent, small feedings. The concept of a "threshold" in biological systems may be more apparent than real and are inferred from graphical presentation of data such as Figure 1 . Whether such an hepatic galactose threshold is best expressed in terms of substrate concentration or substrate delivery (flux) awaits further studies.
It has been well demonstrated that the fetal and neonatal liver can convert galactose to glycogen leading to net glycogen synthesis faster than they convert glucose to glycogen (19, 20) . The newborn liver converts galactose to glucose-1-phosphate faster in the suckling period than the adult period (21) (22) (23) (24) (25) . The actual rate-limiting step in the hepatic clearance of galactose is thought to be one of the enzymes of the Leloir pathway (26, 27) , although there is some evidence to suggest it may be hepatic membrane transport of hexoses that is rate limiting (24) . We have shown in lambs that the hepatic capacity to clear galactose from the portal venous circulation in the unstressed, postprandial state is exceeded when the portal vein galactose concentration is more than 10-12 mg/dl. Although not directly comparable, Waldstein et al. (28) have shown the hepatic threshold for galactose clearance in two adult males to be approximately 30 mg/dl, and Berman et al. (29) have demonstrated that the maximal cavacitv for . . konversion to glucose in the isolated rat liver is reached at a galactose perfusate concentration of 18 mg/dl.
Studies in lambs (10) and premature infants (30) have shown increases in peripheral lactate concentration after lactose ingestion. Davis et al. (31) have elegantly demonstrated in a canine model that the source of the lactate increase seen after a mixed nutrient meal was mainly the liver and not the intestine. Our data in lambs are consistent with this observation; we found a small but significant increase in the lactate concentration after lactose ingestion which was similar in both the arterial and portal venous circulations (Fig. 4) . Thus, lactate is not absorbed from the intestine into the portal venous circulation to any great extent after lactose ingestion in the newborn lamb.
In summary, we have developed techniques for chronic catheterization of the newborn lamb that permit normal nursing to be reestablished with the mother so that carbohydrate metabolism can be studied in the unstressed postprandial state. Further studies using this lamb model are needed to elucidate hepatic galactose and glucose metabolism and their relationship to the synthesis and breakdown of glycogen.
